Fractures in cover concrete on reinforced concrete (RC) viaducts is caused by the expansion of reinforced-bar due to corrosion. In order to understand the mechanisms behind these fractures cross-sections of a corroded rebar were evaluated using the equipment proposed in this paper. In addition, a series of experiments and non-linear finite element analyses were conducted to evaluate the effect of rebar spacing and cover-concrete thickness on the shape of cover concrete fractures and extent of corrosion.
Introduction
To grasp the properties of materials used in reinforced concrete (RC) structures it is important to evaluate their structural performance. Corrosion of steel bars used to reinforce concrete, in particular, lead to a lack of cohesion between the concrete and rebars, resulting in cracking and spalling of the cover concrete. Cracking or spalling of cover concrete reduces durability in terms of seismic performance, appearance-related serviceability, and functional safety of RC viaducts. Cracking and spalling also serve as effective indices for detecting rebar corrosion, and a number of studies relate the cracking mechanisms involved and the prediction of rebar corrosion [1] . The main focus of this research has been to reproduce the expansion of corroded rebars: using static expansive demolition agents, elastic materials, electrolytic corrosion of rebars, non-linear finite element method (FEM) [2] and rigid-body spring models (RBSM) [3] .
The objective of this study is to evaluate the amount of rebar corrosion which results in cracking and spalling of concrete cover. The field-portable rebar cross-section measurement system was developed for measuring the crosssection and area of rebars used in RC structures, and proved to be effective for measuring in-situ corrosion. Based on measured results, a concrete-cover push-out machine of was developed, simplifying experiments to determine the occurrence of cracking and spalling of concrete cover by applying load as well as displacement to the rebar. Finally, the study examined the effect of rebar spacing, concrete cover thickness, shrinkage and creep of concrete on crack shape and rebar-corrosion induced displacement.
Evaluation of corrosion in RC structures
2.1 The field-portable rebar cross-section measurement system Figure 1 shows measurement of rebars on a RC lateral wall built on a railway viaduct. The developed fieldportable rebar cross-section measurement system shown in Fig.1(a) consists of a laser-sensor, a mirror, and equipment for fixing the rebar. The laser-sensor scanner and the mirror are guided together along the rail so that the shape of the cross-section is captured at every interval. The intervals of 200 mm along the rail were fixed on the basis of rebar spacing commonly seen in the field. The comparison of the measured results between Section-A (intact rebar) and -B (corroded rebar) indicated deficiencies in the cross-section from corrosion were concentrated in the area close to the outside surface, as shown in Fig.1(b) . This means that the expansion of the cross-sectional area caused by corrosion mainly occurs towards the cover concrete, as shown in Fig.1(c) ; this study therefore set the loading in the same direction. This suggests that the displacement measured through the loading test will correspond to the displacement due to expansion of the corroded rebar, when the corrosion doubles the rebar volume, as shown in Fig.1(d) . Figure 2 indicates the target of the test and the outline of the specimen. The specimen was 200 mm in length, 50 mm in width, and 100 mm in height. The length was set according to the maximum length of cover-concrete spalling observed in the field [4] , and the height was fixed in order to reduce the flexural behavior of the specimen during lording. The width was set to prevent flexural deformation in the round bar, and to be greater than the concrete cover. The round bar penetrated the middle of the span of the specimen, and the U-shape deformed bar was placed the round bar. Based on the detailed measurements of the lateral bridge wall, the diameter of the round bar was set at 13 mm; the compressive strength of the concrete, at 24.0 N/mm 2 ; and the maximum size of coarse aggregate, at 20 mm. The round bar and the deformed rebar represented the vertical and horizontal rebars in a lateral bridge wall on a conventional railway viaduct. Figure 3 shows the outline of the loading test. The push-out machine was fixed to the loading machine with the U-shape deformed bar, and the round bar was pushed down by loading. Rotational movement was ensured at the contact surfaces between the round bar and the machine. The load applied to the round bar was measured. The displacement d used in the following discussion was defined as the displacement of round bar with subtraction of the displacements at the middle point of the specimen span.
The loading test was simulated by using two-dimensional non-linear FEM (DIANA9.4.4). The top surface of the specimen was fixed in the vertical and the horizontal direction, and the displacement was applied to the round bar. The fixed-crack model with a stiffness reducing factor after cracking, β=0.05 was used. The Thorenfelt model with the compressive fracture energy G fc and f' c =23-N/mm 2 , and the Hordijk model with f t =1.8N/mm 2 were also used. The size of the element was 1.4 × 1.4 mm 2 . Figure 4 shows the comparison between the load-displacement relationship measured for the round bar by experiment and by analysis. The results for the specimen with c= 5 mm showed that diagonal cracks were generated at the surface of the round bar and propagated to the bottom surface, before the load reached its maximum. Softening behavior was observed with the propagation of diagonal cracks. The results of the specimen with c=30 mm showed that the load decreased when the crack reached the bottom surface. The load increased again as displacement rose, then decreased with the propagation of horizontal and diagonal cracks. Table 1 shows that both experimental and FEM results indicate a change in crack distribution with a border of around c/φ =2. 3 . The values corresponded to field measurements [4] . Figure 4 indicates that the initial stiffness indicated in the load-displacement relationship by FEM was smaller than that found in experimental data. The difference is thought to have been caused by concrete and rebar deformations, or an inclination of the specimen in the experi- 
Estimation of cracking of the concrete cover by FEM analysis

Cracking shape
The amount of corrosion when cracking appeared in cover concrete was examined un this study through FEM analysis. Even though there are various indices affecting cracking, this study focused on the thickness of the concrete cover c and the rebar spacing s. The specimens with concrete cover and four rebars were subdivided into elements. The sides of the specimens a concrete cover with a thickness of s/2 or at least 50 mm. The procedure used for the FEM Analysis was the same as that explained in 2.2. The center of each rebar was loaded for controlled displacement. Figure 5 shows the maximum principal strain distribution of C10-S50, C20-S50, C30-S100, and C40-S100, where C corresponds to c (mm) and S corresponds to s (mm), when the load applied to the rebar reaches its maximum. The cracking shapes are classified into the diagonal shape (FS-D), the horizontal cracks (FS-H), and the horizontal and the diagonal cracks (FS-H/D), as shown in Table 2 . Figure  5 shows that the diagonal cracks in C10-S50 were generated at the rebars and propagated to the bottom surface of the concrete. The cracks in C20-S50 however developed horizontally. C30-S100 showed that the two inner rebars were connected by horizontal cracks and vertical cracks propagated to the area below the outer rebars. Figure 6 shows the maximum load value as a function of c and s. The results of FEM simulating the experiments were described under the heading "Experiment". In order to compare cases where s was identical, the maximum values of the load for FS-D, shown in Table 2 , were increased by incrementing the value of c. Figure 7 shows the displacement for loads reaching a maximum as a function of the value of c. The displacement of the rebar having the minimum value for a maximum load among four rebars was identified. The variation in displacement of the four rebars was less than 0.01 mm. Displacements with cracking similar to that in FS-D were 0.03 mm, and in these cases the amount of displacement was not related to the values of c and s. One of the tendencies observed was that the displacement become smaller with the decrease in the value of s.
Identification of cracking in this study
This study focused on the displacement d crack of the rebar at the moment of cracking when the strain rose suddenly as load increased. The focus was placed on elements D-L, D-C, and D-R, located at the surface of FS-D in Fig.8  (a) or on the three elements, H-M, H-C, and H-S, located between the two inner rebars and to the side and below the outer rebars of FS-H in Fig.8 (b) . Figure 9 explains the development of the principal strain against the displacement d crack at the when cracking occurs in C10-S100. The maximum principal strain of the element, FS (D-R) suddenly increased at d=0.03 mm. The strain on the element FS (D-C) 
below the rebar also increased as loading commenced but did not show any abrupt increase.
In the following study, the properties of shrinkage and creep of concrete according to CEB-FIP 1990 [5] were input into the FEM. The shrinkage and the creep were applied in the first five years, then loading of rebar and shrinkage/creep were applied alternately every two years. The loading parameters, such as loading speed, have a major impact on the results of FEM analysis used to simulate the speed of rebar corrosion. In this case, displacement d was applied to the rebar at a speed of 0.01 mm/2 year for d < 0.1 mm, or 0.1 mm/2 year for d ≥ 0.1 mm, in order to achieve a total applied displacement if 1.0 mm in 40 years; the latter corresponds to a corrosion of 3.8 mg/mm 2 representing the point where a rebar doubles in volume due to corrosion. Figure 12 shows the sudden increment in strain for C20-S50, which was classified as FS-H in Table 2 . A sudden increase in strain in the middle between the inner rebars for FS(H-M) was observed at d=0.02 mm, and for FS(H-C) at d=0.06 mm. The element on the side surface of concrete FS(H-S) was finally increased to d=0.2 mm. Based on the results of the series of FEM analyses, the value of d when strain suddenly increases in FS(H-S) and FS(H-C) is strongly related to the concrete cover thickness on the lateral surface. As illustrated in Table 2 , in all cases where c=5 or 10 mm, all the cracks displayed a FS-D pattern, and displacement at cracking point, d crack rose as the cover concrete thickness c increased. In cases where the rebar interval s was small and cover concrete c was thick, the shape of the crack was either FS-H or FS-H/D. In tests where rebar spacing s was 100, d crack progressed in a similar fashion to cases where the cover concrete c was between c= 20 and c= 50. The value of d crack corresponding to the amount of corrosion found on the rebar when cracking appears in the cover concrete depended on the rebar radius and cover concrete thickness c.
However, as shown in the results presented in Table 2 , results revealed that because the cracking pattern varies between FS-D and FS-H/D, the value of d crack does not necessarily increase with concrete cover thickness c.
Conclusions
(1) The field-portable rebar cross-section measurement system was developed for measuring the cross-section and area of rebars in RC structures without having to cut the rebars. This system succeeded in clarifying the nature of corrosion in the field. Results clearly indicated cross-section deficiencies due to corrosion were concentrated areas close to the structure's surface. (2) Based on measured results, a cover concrete push-out machine was developed, which simplified experiments to determine the occurrence of cracking and concretecover spalling by applying load and causing displacement concurrently, on the rebar. The experimental results evaluated displacement and load at cracking points in concrete cover. (3) FEM results indicated that the shrinkage and creep of concrete affected the distribution of the maximum principal strain. The shape of cracks and the displacement at cracking point varied according to rebar spacing and concrete cover thickness.
